Abstract -The present status of the theoretical interpretatin of the thermodynamic properties of mixtures of non-polar molecules is reviewed briefly. It is concluded that the equation of state and hence the phase behaviour of mixtures containing only pseudo-spherical molecules is reasonably well understood, but that current theories fail badly when applied to mixtures containing either rigid non-spherical molecules or non-spherical flexible molecules with considerable degrees of internal rotation. New experimental results on mixtures of the former type are presented including the principal excess functions of 2-butyne, 2,4-hexadiyne or trans-l,3,5-hexatriene mixed with either cyclohexane or tetrachioromethane. Experimental investigations of binary mixtures containing small flexible molecules include the measurement of the equimolar excess volumes of seventeen isomeric octanes mixed with cyclohexane and of the upper critical solution temperatures of these same octanes mixed with methanol. The Pitzer conformational partition function Z, was calculated for each octane, but no satisfactory correlation could be detected between Z and the experimental mixing properties.
INTRODUCTION
In 1982, the authors of the Third Edition of Liquids and Liquid Mixtures (ref. 1) claimed that, 'The theory of the equilibrium properties of liquid mixtures, like that of pure liquids, is now an essentially solved problem. By this assertion we mean that for any arbitrarily chosen set of intermolecular potentials it is now possible to calculate the thermodynamic properties, with adequate accuracy, by using one of several statistical mechanical theories." Support for this statement lay in the excellent agreement between the Monte Carlo and molecular dynamics computer-generated "experimental" low-pressure excess functions and high-pressure phase diagrams of model mixtures with known intermolecular potentials and the theoretical values calculated using perturbation theory and the simpler van der Waals one-and two-fluid models. The agreement is at its best for mixtures containing molecules of comparable energy and size and is less than perfect for mixtures containing highly dipolar molecules and for mixtures where the species are greatly dissimilar in size.
Since 1982 experimental and theoretical advances have been made by several groups, particularly the Calado, Gubbins, Staveley and Streett co-operative who have measured the thermodynamic properties of a carefully selected series of binary mixtures. These mixtures are composed of simple molecules containing but few atoms and the binary mixtures are selected to cover a whole range of mixture types, spherical + dipolar, spherical + quadrupolar, spherical + hydrogen bonded, etc. The experimental results have been analysed using perturbation theory and successful agreement has been achieved in the majority of cases. Up-to-date reviews of this field are given elsewhere in this Symposium particularly in the papers of Gubbins, Staveley and Streett.
Successful though this type of approach is, a major problem is that, by using perturbation theory of this degree of sophistication, each separate analysis is time consuming and the prediction of the thermodynamic properties of other, related mixtures cannot yet be achieved on a routine basis. The principal problem once again, is the difficulty of establishing adequate forms of the intermolecular potentials. 35 
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For several decades, chemical engineers, operating at a less sophisticated, but more utilitarian, level have employed a variety of empirical analytic equations of state, several of which have excellent predictive powers, especially when combined with computer-based data banks containing the relevant physical properties of the pure components. These equations range from simple cubic equations such as the Soave-Redlich-Kwong (re. ) and PengRobinson (ref. 3) to much more elaborate and multi-constant equations such as the Benedict-Webb-Rubin-Starling (ref. 4 ). An excellent review of this whole field is that of Gibbons (ref. 5) .
There is another group of analytic equations of state which can more properly be said to have a firm theoretical base and which can reproduce accurately the computer-generated hard sphere properties of both pure liquids and mixtures. When an attractive van der Waals term is added (ref. 6 
Another equation-of-state treatment which has been applied successfully to mixtures of non-polar or weakly-polar hydrocarbons in particular is that of Patterson (ref. 11) . Patterson has adapted the corresponding states theory of Prigogine and Flory (ref. 12 ) to such mixtures. The two pure substance parameters required are usually the thermal pressure coefficient, and the coefficient of thermal expansion a1. A minor problem which reduces the range of applicability of this treatment is that, whereas good experimental values of are known for many hundreds of pure substances, Iv values are much rarer and are relatively difficult to measure. A review of the current status of this approach is given by a paper by Patterson in this Symposium.
Finally mention should be made of group contribution methods as representing a totally different approach to the prediction of the properties of liquid mixtures. Semi-empirical in concept and utilitarian in. design such schemes based on UNIFAC (ref. 13) , ASOG (ref. 14) and the like have now reached a high level of sophistication (ref. 15) and, in association with computerbased data banks, are capable of predicting the activity coefficients and hence the phase behaviour and distillation characteristics of a wide variety of multi-component mixtures, although only under a restricted set of physical conditions. The prime disadvantage is that, because all such theories are essentially interpolative and have no rigorous statistical mechanical basis, they are unable to represent the properties of systems at temperatures and pressures well removed from the conditions under which the pure substance and binary mixture input data were collected. Even with these severe restrictions such theories have an enthusiastic following although the present author is constantly reminded of Abraham Lincoln's celebrated book review, People who like this sort of thing will find this is the sort of thing they like!" With this brief preamble, the rest of this contribution is concerned with two types of liquid mixture whose interpretation still poses problems for current theory. These are mixtures containing non-spherical, non-dipolar molecules and mixtures containing, as one component, one of a series of isomeric, flexible hydrocarbons.
Mixtures containing rigid linear molecules
The experimental work of Patterson and his co-workers mentioned in the previous section has concentrated on mixtures of aliphatic and alicyclic hydrocarbons where the pseudo-linear molecules used, typically the n -alkanes, possess considerable degrees of flexibility. Although there is good evidence from depolarized light scattering that such molecules undergo some local ordering and mutual alignment in the pure state, the n-alkanes cannot be considered to be ideal models of rigid rods and currently the influence of intra-molecular flexing and rotation on the thermodynamic properties of both pure substances and more particularly on mixtures is not well understood.
The alkyne series provide real molecular systems that closely approximate to true rigid sphero-cylinders and this shape is particularly amenable to theoretical treatment. The two molecules 2-butyne and ,4-hexadiyne were selected because they are reasonably stable substances which are readily available commercially. Thermodynamic measurements were also made on trans-l,3,5-hexatriene. Although this molecule can undergo a certain degree of internal rotation, the conjugated system increases the rotational barriers and there is a high probability that the molecule will exist for much of the time in the fully extended state. An experimental disadvantage is that such trienes are unstable in the presence of oxygen and so all sample handling must be conducted in a nitrogen-filled glove box. 2-butyne and trans-l, 3,5- hexatriene are liquid at room temperature but 2,4-hexadiyne is a solid melting at 341K. This latter substance has by far the highest melting temperature of any C6 hydrocarbon and this is evidence of strong intermolecular quadrupole-quadrupole forces in the pure substance with the likelihood that the liquid state is also highly ordered. Experimental evidence for this latter supposition was sought using depolarized Rayleigh light scattering. g2 the second rank orientational parameter is given by the
where 01i is the relative orientation of a pair of molecules. g2 is a measure of the correlation of molecular orientations in the condensed phase where, for linear sphero-cylindrical molecules, g2>l indicates an enhanced parallel orientation of the molecular axes. This function can be measured in several different ways and the one adopted involves measuring the concentration dependence of the depolarized Rayleigh intensity as the anisotropic fluid is diluted, ideally with a wholly-isotropic solvent (ref. 16) . Subsidiary experiments must be carried out to correct for depolarized scattering due to collisional effects. Up to one third of the total depolarized intensity from even highly anistropic liquids can be due to collisional processes. The total intensity measurements are corrected by measuring the line shape of the scattered spectrum and estimating the relative intensities due to the two processes. This separation can be achieved relatively easily, for the collective reorientational motions give rise to a narrow central line, usually Lorentzian in shape, that is superimposed upon a much broader exponential line due to molecular collisions.
The legitimacy of the dilution experiment has been rightly criticized (ref.
1?) on the grounds that large errors occur in the derived g2 values when the refractive indices of the anisotropic scatterer and the near-isotropic solvent differ by a large amount, typically if An>O.1. This was not the case for the three acetylinic molecules studied as is shown in Table 1 where the experimental values for g2 are listed for 2-butyne, 2,4-hexadiyne and also for 3,5-octadiyne. Light scattering measurements could not be undertaken on trans-1,3,5-hexatriene due to decomposition that occurred when this material was exposed to the intense argon ion laser beam used in the light scattering photometer. Also listed in Table 1 Table 1 the data for ,4-hexadiyne are measured just above the melting temperature at 343K whereas all other values were obtained at 2,98K. Orientational correlations are seen to be present in all listed molecules but are particularly evident in the diynes and in hexafluorobenzene. These measurements give weight to the intuitive supposition that the rod-like The principal molar excess functions of mixing, gE, the excess Gibbs function, hE, the excess enthalpy and yE, the excess volume have been measured for the six binary mixtures of 2-butyne, 2,4-hexadiyne and trans-l,3,5-hexatriene each with cyclohexane and with tetrachloromethane. The measurements involving 2,4-hexadiyne were made at 343.15K, the others at 298.15K. The results are illustrated as functions of xi, the mole fraction of the anisotropic comeonent in Fig. 1, Fig. 2 and Fig. 3 and the equimolar values of gE, hE, v and also TsE are listed in Table 2 . The six binary mixtures described above represent useful test systems against which to assess current and future statistical treatments of mixtures containing non-spherical molecules. Some physical properties of the pure substances are listed in Table 3 where it is seen that the molar volumes o several of the pairs, typically 2,4-hexadiyne (100.67 cm3 mo11) and tetrachioromethane (102.83 cm3 mol') are near identical and so overall size differences should not present a problem.
In 
Here a = y(y+1)/(3y-1) where i is the overall length to breadth ratio of the spherocyclindrical molecule and y has the same meaning as before. When the spherocylinder is reduced to a sphere, then y=a=1 and equation 5 becomes Table 2 the outcome was decidedly disappointing. The pure substance parameters a and o were obtained from the liquid state properties given in Table 3 , r was set equal to 1 for cyclohexane and for Table 4 .
It may well be that adding a simple van der Waals attractive term that is, in effect, spherically symmetric in its action, to an equation that accounts for angle dependent repulsive forces is too naive and is perhaps unjustifiable. It is certainly true that the attractive part of the intermolecular potential in the vicinity of a strongly quadrupolar molecule such as 2,4-hexadiyne will be highly orientational dependent and the derivation of a simple analytic equation of state for such a situation remains a problem for the future.
Mixtures containing isomeric hydrocarbons Another class of liquid mixture which poses problems for theoretical analysis and interpretation is that where a common component is mixed with a series of isomeric hydrocarbons. Scott and his coworkers (ref. 6) were among the first to observe that a regular pattern was observed for both the excess enthalpy and, more particularly, the excess volume for such series and some typical results are illustrated in Fig. 5 where the equimolar excess volumes of the Mixtures of non-polar molecules 41 five isomeric hexanes C6H1, mixed with six difierent liquids, both hydrocarbons and non-hydrocarbons are plotted, for convenience only, against the molar volume of the pure hexanes (refs. 26-28) . Within a series the pattern is uniform and a molecular explanation for this regularity is still undetermined.
Smoother, near linear plots are obtain-. The full range of data for cyclohexane plus the seventeen isomeric octanes is depicted in Fig. 7 and the equimolar excess volumes are listed in Table 5 . It is seen in Fig. 7 that, on this scale, there is a rough correlation for the mixtures containing the group of six substituted pentanes, the seven hexanes and the three heptanes, with n-octane+cyclohexane exhibiting the most positive value of the excess volume. Excess enthalpies and excess Gibbs functions have been measured for a few of these mixtures (ref. 32) and when the experimental values of the equimolar excess enthalpies are used to adjust the parameter in the Carnahan and Starling equation and excess volumes calculated assuming spherical symmetry, it is found that the predicted order is almost a complete inverse of the experimental, with VE for n-octane+cyclo-hexane now exhibiting the most negative value followed in ascending order, by the heptanes, hexanes and pentanes.
In order to test whether the behaviour of the excess volumes depicted in Fig. 7 was mirrored by other mixing functions, Tc, the upper critical solution temperature of the seventeen octanes mixed with methanol was determined (ref. 33) . Such measurements have the advantage of requiring very small amounts of the pure components and the results are illustrated in Fig. 8 where Tc is plotted against V, the molar volume of the octane estimated at the critical temperature Tc. The pattern of behaviour is very similar to that of the excess volumes with only the mixture containing 2-methyl, 3-ethylpentane appearing anomalous.
In an attempt to establish _____________________________ The key is identical to that in energies of Et, the intrinsic Fig. 7 . torsional potentials about the carbon-carbon bonds and Enb the non-bonded interactions of atoms or groups separated by more than two C-C bonds. E=Eit+Enb (6) Eflb was calculated by assuming a Lennard-Jones 6-12 potential acting between the relevant groups and numerical values of the Lennard-Jones parameters and for Eit were taken from ref. 35 where Emin is the minimum value of E calculated when the molecule has adopted its "most probable configuration", and the integration in equation 7 extends over all angles and all relevant bonds. Rotation about only two bonds need be considered for the four substituted pentanes and Fig. 9 illustrates the potential energy surface E = f(i, 2) where i and 2 are the rotational angles about the C2 -C3 and C3 -C bonds respectively. An angular increment of one degree was used and the derived Z values for these and the other octanes have been listed, together with the equirnolar values of the excess volumes of mixtures with cyclohexane in Table 5 .
The computational difficulties increase as the degree of substitution decreases and four degree rotational increments were used for the hexanes and twelve degrees for the three heptanes to keep the calculations within the limits of the available computer storage capacity. The Z value for noctane was extrapolated from calculated values for the lower n-alkanes.
The derived values of Z depend critically on locating the correct value of
Ein
Inspection of Table 5 shows that although there is a partial correlation of excess volume with Z within a particular sub-group, the pentanes, hexanes, etc., there is no overall correlation within the octanes as a class. This is a not totally unexpected result and it may well be that a fully satisfactory account of such molecules in the liquid state must await a full simulation treatment of flexible molecules. Analyses for the simplest of such molecules are now just within the power of present-day computers and some recent' results are discussed elsewhere in the proceedings of this Conference. A full treatment of larger molecules must await the development of either the next computer generation or, more usefully, the production of dedicated, special purpose, simulation computers. Currently, a number of groups in both the USA and Europe are building machines of the latter type. 
